Rationally engineering thermostability in proteins would create enzymes and receptors that function under harsh industrial applications. Several sequence-based approaches can generate thermostable variants of mesophilic proteins. To gain insight into the mechanisms by which proteins become more stable, we use structural and dynamic analyses to compare two popular approaches, ancestral sequence reconstruction (ASR) and the consensus method, used to generate thermostable variants of Elongation Factor Thermounstable (EF-Tu). We present crystal structures of ancestral and consensus EF-Tus, accompanied by molecular dynamics simulations aimed at probing the strategies employed to enhance thermostability. All proteins adopt crystal structures similar to extant EF-Tus, revealing no difference in average structure between the methods. MD reveals that ASR-generated sequences retain dynamic properties similar to extant, thermostable EF-Tu from T. aquaticus, while consensus EF-Tu dynamics differ from evolution-based sequences.
INTRODUCTION
Understanding the factors that contribute to protein thermostability is desirable for gaining insight into the physical and chemical mechanisms underlying protein folding and stability, eventually leading to the ability to design proteins that are functional at high temperatures. However, a thorough comprehension of the link between protein thermostability and other biophysical factors has been a long-standing challenge in protein research, limiting researchers' abilities to rationally affect protein stability. Directed evolution (Asial et al., 2013) , consensus sequence alignment (Lehmann and Wyss, 2001) , rational design experiments (Renugopalakrishnan et al., 2005; Yang et al., 2015) and ancestral sequence resurrection (Cole and Gaucher, 2011) are a few of the methods that have been utilized to engineer protein stability. In spite of the emergence of these methods, there still exists a general lack of understanding of the mechanisms employed in proteins to improve stability. As these methods have been implemented in separate systems, it has not been possible to compare different stabilization methods to improve our knowledge of how thermostability is achieved in a given protein family. In this work, we present a structural and dynamical comparison, using the consensus and ancestral sequence reconstruction methods to investigate thermostability in the Elongation Factor Tu protein family.
To generate thermostable proteins, the consensus approach uses protein sequences from extant organisms in a sequence alignment. From the alignment, the most frequently observed amino acid at each position is incorporated into a consensus protein sequence. In addition, consensus variants can be generated by replacing individual protein residues with consensus amino acids most prevalent at individual sites in the extant sequences. Both consensus sequence and consensus variants approaches have been successfully used to engineer increased stability in proteins (Amin et al., 2004; Lehmann et al., 2000) . Using this approach, thermophilic proteins can be generated, based solely on information derived from mesophilic sequences. Several limitations exist for this method, including its heavy dependence on the acquisition of homologous sequences and the quality of the sequence alignment (Lehmann et al., 2002; Porebski and Buckle, 2016) . Additionally, a consensus sequence is not able to account for the context-dependent nature of amino acids in proteins (epistasis), nor has a consensus sequence been subjected to natural selection at any point in evolutionary history (Cole and Gaucher, 2011 ).
An emerging phylogenetic technique known as ancestral sequence reconstruction, ASR, has been used to interrogate protein evolution. Unexpectedly, multiple ASR studies have revealed that most resurrected ancestral proteins display increased thermostability over their extant homologs (Gaucher et al., 2008; Merkl and Sterner, 2016) . ASR uses a multiple sequence alignment of extant proteins to build a phylogenetic tree, which is used to infer the sequences of ancestral proteins at different nodes in the phylogeny (Harms and Thornton, 2010; Pauling and Zuckerkandl, 1963) . Introducing ancestral residues into modern sequences has resulted in more thermostable proteins, suggesting that ASR may be a useful approach to engineer thermostability while preserving function (Watanabe et al., 2006; Yamashiro et al., 2010) .
Here, we compare both ancestral and consensus methods for increasing thermostability of Elongation Factor Tu, EF-Tu (bacteria)/Elongation Factor 1A (archaea and eukaryote). This gene family is a GTPase involved in the protein translation system. More specifically, EF-Tu binds to GTP, which in turn favors the binding of an aminoacyl-tRNA (Krab and Parmeggiani, 1998) . This ternary complex binds to mRNA-programmed ribosomes, delivering an aminoacyl-tRNA to the ribosomal A site (Czworkowski and Moore, 1996) . The biochemistry of EF-Tu has been studied for over three decades, giving rise to a clear understanding of the functional aspects of the protein. EF-Tu is highly conserved among all three domains of life and its thermostability correlates with the optimal growth temperature of its host organism. This implies that a strong selective constraint governs EF thermostability and this constraint is dictated by the host's environment (Gaucher et al., 2003) .
A previous study of the evolutionary history of 4-billion-year-old ancestral EF-Tu variants revealed a strong correlation between thermostability and the geothermal record of planetary temperature which showed a cooling trend from the emergence of life to present day (Gaucher et al., 2008; Hedges et al., 2015) . To determine ancestral sequences, phylogenetic analysis of bacterial EF homologs was performed followed by maximum likelihood-based ancestral sequence reconstruction, as described in (Gaucher et al., 2008) . The most ancient EFs were thermostable and the melting temperature (T m ) of each descendent decreased along the evolutionary tree en route to the extant bacterial EF-Tu. This provides a unique system in which to interrogate the mechanism by which a small defined number of historical amino acid replacements between each reconstructed protein variant altered thermostability. We hypothesized that this well-defined system, containing relatively few amino acid replacements between ASR variants with altered T m , might offer insight into the forces that contribute to thermostability within this protein family. We compare this method with the more conventional consensus method whereby, a consensus EF-Tu sequence, which displayed increased thermostability (~ 20°) over an extant EF-Tu from E. coli (Cole and was generated from a sequence alignment (Notredame et al., 2000) of 161 sequences from a broad phylogenetic range (Table S1 ).
In this work, our goal is to understand and compare the mechanisms by which ASR and consensus approaches enhance thermostability in the EF-Tu family. We use a combination of x-ray crystallography and molecular dynamics (MD) simulations to investigate the structural mechanism by which each method generates a more stable EF-Tu variant. To enable these studies, we crystallized and determined the three-dimensional structures of the last common ancestor of bacterial EFs along with a more-derived ancestor within the bacterial lineage. We then employ all-atom MD simulations to investigate the mechanisms by which evolutionary sequence changes altered thermostability during the evolutionary history of EFs. We compare these atomic-level mechanisms with those employed to achieve thermostability in the consensus sequence, which we have also crystallized. These investigations offer insight into the evolution of atomic contacts and motions which permitted adaptation to altered temperatures while preserving protein function. MD simulations are also performed on the extant thermophilic and mesophilic EF-Tu homologs from T. aquaticus and E. coli, respectively. Higher temperature simulations are used to investigate protein unfolding in EF-Tus. Our key findings are as follows: we observe predictable behavior in ancestral sequences, where the trends in dynamics and stability are consistent with the protein T m . Conversely, the consensus sequence displays unexpected instability in the simulations, inconsistent with its increased stability over E. coli EF-Tu. Ancestral EF-Tus show similarities with extant thermophilic EF-Tu from T. aquaticus, which highlights the important role of evolutionary selection in obtaining functional proteins, as well as previously observed limitations in the consensus method.
RESULTS

EF-Tu structure is conserved
Previously studied resurrected EF-Tus include ancestral proteins represented by nodes (N) 168, 170, and 253 from the phylogeny (Gaucher et al., 2008) . EF-Tu N168 is dated at 3.4 -4.3 billion years ago (Hedges et al., 2015) and represents the last common ancestor of all bacteria. N170 (3.1 -3.3 billion years ago) represents the last common ancestor of T. aquaticus and E. coli and N253 (2.8 -3.0 billion years ago) is a distant ancestor of proteobacterial EF-Tus ( Figure 1A ). T m 's for N168, N170, N253 were determined as 73.3°, 66.2°, 55.7° respectively and are indicated on the cladogram ( Figure 1A ) (Gaucher et al., 2008) . Consensus EF T m was determined as 60.2° (Cole and Gaucher, 2011) . High-quality crystals were obtained for ancestral proteins N168 and N253 that diffracted to 2.35 and 2.15Å resolution, respectively (Table 1) . Crystals for consensus EF-Tu diffracted to 2.49Å. Each EF-Tu structure contains 387 amino acid residues and a single bound molecule of GDP and Mg 2+ . They all share the same canonical structure observed in the E. coli EF-Tu consisting of three distinct domains ( Figure 1 ). Domain 1 contains the GDP/GTP binding site and consists of an α/β domain with a central parallel β-pleated sheet flanked by 7 αhelices on either side. Domains 2 and 3 both preserve the classic "greek key" antiparallel βbarrel structure common to many EFs. The expected conformation for GDP-bound EF-Tu is observed, with a large hole present in the center of the molecule, separating domains 1 and 2. Superposition of the ancestral crystal structures with the E. coli (PDB 1EFC) and T. aquaticus (PDB 1TUI) EF-Tus reveals a high degree of structural conservation between the ancestral proteins (~ 4 billion years old) and extant proteins, in spite of the presence of a 10residue loop (i.e. the thermophile loop) in domain 1 of T. aquaticus ( Figure 1B , red loop).
Closer inspection of the secondary structure reveals slight differences. ( Figure S1 ). As expected, the GDP binding site is highly conserved and the position of the bound GDP differs only slightly in each complex ( Figure 1C ). Sequence conservation in all EF-Tus is high with identity between 70% and 95% for all pairwise comparisons and sequence similarity between 81.6 -97.5 % (Table S2 ).
Since most amino acid changes affect protein dynamics rather than protein structure, visualizing the impact of amino acid replacements is challenging when superimposing X-ray crystal structures. Therefore, we performed pairwise comparisons of EF-Tu structures using ProSMART, which quantifies the differences in local amino acid conformation between two structures (Nicholls et al., 2014) . Thermostable EF-Tus (T. aquaticus, N168, N253 and consensus EF-Tus) are compared against mesophilic EF-Tu from E. coli to identify regions that might be implicated in thermostability. Overall, ProSMART analysis reveals differences in local structure distributed through all three EF-Tu domains ( Figure 2 ). We observe that domain 1 shows higher conformational similarity than domains 2 and 3 for all comparisons. Conversely, domain 2 displays greater occurrences of either high structural dissimilarity or regions that were omitted from the analysis.
EF-Tu thermostability is correlated with domain 1 stability observed by unfolding in high temperature simulations
MD simulations were used to investigate the dynamics of thermostable EF-Tus generated by consensus or ancestral approaches. Root mean square deviations (RMSD) and fluctuations (RMSF) of individual EF-Tu domains are compared between proteins at both low and elevated temperatures. RMSDs and RMSFs are calculated in two ways, globally and by individual domains. Calculated by individual domains, RMSD and RMSF analyses provide specific information about observed changes in flexibility that may not be coupled to interdomain interactions. Global analysis of RMSD and RMSF allow us to see how the combined domain effects change the flexibility of the overall EF-Tu structure compared to the starting conformation. RMSD analysis of individual domains reveals that domain 1 is most affected at increased temperatures. In 360K simulations, all EF-Tus have elevated RMSDs relative to 300K simulations, consistent with temperature-induced unfolding (Figure 3 ). The greatest increase is observed in E. coli, consistent with this having the lowest T m . The smallest increases are observed in N168 and T. aquaticus EF-Tu, which are the most thermostable proteins. Overall, little to no RMSD increases are observed in domain 3 in the individual domain analysis for all EF-Tus. Analysis of RMSFs ( Figure 4 ) obtained in simulations corroborate RMSD observations, including i) smallest temperature-induced increases in domain 3; ii) highest domain 1 unfolding in E.coli, reflected by high RMSF values in several regions. In general, high-mobility regions observed across all six simulated structures correspond to loops and beta turns.
Sequence changes explain stability differences in ancestral sequences
While increases in domain 1 RMSD correlate with thermostability of ancestral EF-Tus, an additional notable difference in dynamics occurs in domain 2 of N253 ( Figure 3H ). Higher temperature simulations result in increased domain 2 RMSD that is only observed in N253 and not N168 or N170 ( Figure 3B, 3E ). RMSF analysis also reveals this increased unfolding (i.e. higher RMSF values) in domain 2. (Figure 3E , residues 208 -298, red trace). Included in this flexible region is a loop containing acidic residues D267 and E268 ( Figure 5 , orange). A comparison of the domain 2 sequence of N253 with those of N168 and N170 reveals residue replacements that could be implicated in the increased flexibility observed in that region ( Figure 5 ). Domain 2 contains ionic interactions between D267 and E268 on one strand and positively charged K238/R238 ( Figure 5 , cyan) on the adjacent strand. The strand containing K238/R238 is in turn stabilized by a hydrophobic contact with a short helical turn that is contained in the hinge peptide between domains 1 and 2 ( Figure 5 , green). The helical turn is comprised of residues DVD, DID and AID in N168, N170 and N253 respectively. The hydrophobic contacts last throughout the simulation for all three structures. However, while the ionic interactions persist for the majority of the simulation in N168 and N170, they are reduced to 49% and < 30% in N253 for segments E268-K238 and D267-K238, respectively. This weakening and eventual loss of ionic interactions occurs in the second half of the simulation and is accompanied by the formation of new contacts between the flexible loop (i.e. containing D267, E268) with domain 1 residues. By the end of the simulation, N253 transitioned from the open GDP-bound conformation to the closed but active EF-Tu conformation that is associated with GTP binding ( Figure 5E ). This conformational change appears to be responsible for the increased flexibility observed in domain 2. N170 and N253 are the most similar of all the sequences studied here (94.7% identical, table S2), so this observation illustrates how the small differences in protein sequence can drive dramatic changes in conformational dynamics.
Consensus protein displays distinct dynamic behavior from ancestral or extant sequences
Consensus EF-Tu displays high mobility in comparison to all other EF-Tus in the simulations. Unusually high global RMSD (up to 6Å) values are observed in consensus EF-Tu for over half of the 300 K simulation suggesting that regions of consensus EF-Tu may be more dynamic than ancestral or extant EF-Tus ( Figure 6A , black trace). To identify the major conformations sampled in the simulation, particularly those with high RMSD, we performed a cluster analysis. Three clusters were identified, all differing by the extent of unwinding and subsequent rotation in the hinge peptide between domains 1 and 2 ( Figure  S4 ). To identify significant residue motions in the EF-Tus, a principal component analysis (PCA) was performed on the 300 K simulations. In PCA, the correlation matrix is determined for the simulation, then diagonalized to obtain eigenvectors and eigenvalues of the system. Each eigenvector describes a dimension of positional fluctuations in the system and is weighted by its corresponding eigenvalue. A projection of the trajectory onto each eigenvector is a principal component. Typically, the top (~ 3-5) principal components are sufficient to describe up to 70% of the motions observed over a simulation. PCA reveals that the most dominant motion (PC1) in consensus EF-Tu is the unwinding of the functionally important hinge region, resulting in rotation of domains 2+3 relative to domain 1. Thus, the structure transitions from a compact state to an open/extended state ( Figure 6B , C). This motion is responsible for 80% of the fluctuations in the simulation. The major PCs identified in simulations of ancestral and extant EF-Tus show motions distinct from the dominating hinging motion of consensus EF-Tu ( Figure S5 ). In addition, the first PC for ancestral and extant EFs, at the most, accounts for 58% of total fluctuations. Increased mobility is also apparent in the 360 K simulation of consensus EF-Tu, in both global and intra-domain RMSD analyses. A steady RMSD increase is observed in domain 1 (Figure 3) , which results from unraveling in structure of residues 24 to 63 (helices A, A″, beta strands b′, b), as well as rotation of helix B, leading to enhanced interactions of this region with domain 3 ( Figure 6D ). Global RMSD changes at 360 K corresponds to unwinding of the hinge region, to an even greater extent compared to 300 K simulations of consensus EF-Tu ( Figure 6C ). We observe that in the simulations, domains 2 and 3 maintain a consistent orientation relative to each other. Observed movements change the positions of domains 2+3 relative to domain 1. A global overlay of initial and final structures obtained in the 360 K simulation shows severe unwinding in the hinge peptide, which is highlighted with the alignment of domains 2 and 3 ( Figure 6E ). This is reflected in the 360 K RMSD plot ( Figure 6A , red trace), showing a RMSD of about 10 angstroms by the end of the simulation. It is also seen in the global RMSF analysis ( Figure S3 ) where increased mobility is noticeably observed in domains 2 and 3 (residues 201 to 387) in the 360 K simulation compared to the 300 K simulation. Secondary structure analysis of 360 K simulations show that while unfolding is observed as expected at higher temperatures in various regions throughout the protein, there is no significant loss of structure over the course of the simulation. Therefore, we attribute the large changes seen in global RMSD and RMSF to a greater propensity for hinge unwinding in consensus EF-Tu.
Hydrophobicity is important for EF-Tu stability
Many intramolecular interactions (e.g. hydrogen bonds, ionic interactions, salt bridges, hydrophobic contacts and solvent accessible surface) have been implicated in promoting thermostability. We quantified these factors over the course of our simulations (Table S3 ) and find that only the buried area, which is a measure of the average area that is buried by each residue in a protein upon folding, shows high linear correlation with T m in thermophilic EF-Tus (Figure 7 ). This measure, described previously by Rose et al (Rose et al., 1985) , is proportional to the hydrophobic contribution of each residue to the overall conformational free energy (Richards, 1977) . However, hydrophobic packing cannot account for the adoption of defined tertiary structures, suggesting that EF-Tu proteins are likely stabilized by a combination of different intermolecular forces in a non-obvious and complex manner. E. coli EF-Tu, the only mesophilic protein in our study, is an outlier on this plot (Figure 7 , inset). Given a lack of experimentally determined T m s for other mesophilic bacterial EF-Tus, it is not possible to ascertain whether loss of the correlation between hydrophobicity and melting temperature is a general feature of mesophilic proteins or of this particular extant protein sequence.
Community analysis reveals similarities between extant and ancestral thermostable sequences
To compare communication in EF-Tu between homologs and investigate potential links between interdomain communication and thermostability, we performed a community network analysis. The community analysis identifies groups of atoms undergoing correlated motion during the simulation. Community analyses are linked with information transfer in the protein, providing information about direct and allosteric communication between different regions in the molecule (Sethi et al., 2009) . For analyses shown for each EF-Tu homolog in Figure 8 , each separate community is represented by a differently colored circle. The size of the circle is proportional to the community size (i.e. the number of residues in each community) while the width of the line connecting the circles is proportional to the strength of communication between the pair of communities. In all EF-Tus, we observed that domains 2 and 3 partitioned into individual communities (red and green circles, respectively). In every case, domain 1 contained multiple communities.
All three ancestral proteins show similar community features, including i) three primary communities present in domain 1, labeled here as A, B and C (Figure 8 ) and ii) stronger communication is seen between domain 1 and domain 2. In ancestral homologs, the phosphate binding loop (P-loop, i.e. sequence responsible for coordinating the phosphate group of the nucleotide and binding GDP/GTP) lies on the interface of the two major domain 1 communities, and the peptide hinge between domains 1 and 2 is divided midway between domain 2 and domain 1 communities (Figure 9 ). We observe that communities from ancestral EF-Tus are nearly identical to the community distribution in T. aquaticus ( Figure 8) .
In contrast, consensus EF-Tu reveals dramatically different community features, with domain 1 partitioning into 4 communities instead of 3 (Figure 8, 9C ). There is also weakened communication between domain 1 and 2, which may be because the connected domain 1 community is much smaller than those in the ancestral and T. aquaticus EF-Tu.
These comparative analyses suggest that information transfer is similar between ancestral resurrected EF-Tus and extant T. aquaticus EF-Tu. Communication observed in consensus EF-Tu is unique, differing both from ancestral and extant EF-Tus. Communication between domains 1 and 2 is weakened drastically but enhanced between domains 2 and 3. This observation is consistent with the large motions and apparent instability observed in the hinge region. E. coli EF-Tu also shows novel community features, with 3 different communities in domain 1 but with different size distributions compared to other EF-Tus (Figure 8, Figure 9B ). This observation could be a general indicator of different communication mechanisms employed in mesophilic EF-Tus compared to thermostable orthologs. specific amino acid substitutions (Ebrahimie and Ebrahimi, 2010) , increased polar surface area (Haney et al., 1997) , better packing (Scandurra et al., 1998) , increased frequency of certain classes of amino acids (Panja et al., 2015) , alpha helix stabilization and presence of aromatic clusters (Kannan and Vishveshwara, 2000) . However, there remains no general consensus on engineering strategies to guide rational protein stability design. Sequence-based methods such as ASR and consensus approaches have shown success and were used to generate thermostable EF-Tu variants. Here, ancestral and consensus EF-Tu sequences are compared to probe the dynamic differences between thermostable structures obtained by either method. Crystal structures of ancestral and consensus proteins reveal high conservation in EF-Tu structure enabling an analysis of extant mesophilic and thermophilic EF-Tus. MD simulations reveal biophysical properties and dynamics that correlate with thermostability within this protein family. Analysis of elevated temperature simulations show that fluctuations in domain 1 are a predictor of overall thermostability. This result is consistent with previous work showing that the EF-Tu G-domain is important for thermostability when compared between mesophilic and thermophilic proteins (Šanderová et al., 2004) . ASR and consensus sequences both recapitulate this domain 1-dependent stability observed in extant EFs.
Several other features which have been previously implicated in protein stability were also investigated, including hydrogen bonds, salt bridges, solvent accessible surface area and hydrophobic contacts. No large differences emerged among these features, so thermostability in EF-Tu cannot be attributed to any individual property. A near-linear correlation between EF-Tu thermostability and buried area might be an indicator of the importance of hydrophobicity in EF-Tu., which was previously identified as a determinant of thermostability within this protein family (Gromiha et al., 2013) .
We used MD simulations to assess the dynamics of consensus and ancestral EF-Tus to link sequence-driven architectural changes to changes in protein stability. By identifying highfluctuating regions in N253, we provide a specific illustration of how small sequence changes between ASR EF-Tu sequences modulate stability. Several aspects of the simulations revealed structural instability in consensus EF-Tu, identifying the sequence as a clear outlier both in magnitude and direction of conformational fluctuations. The overall highest fluctuations and RMSDs are observed for this protein. Unwinding of the peptide linker region between domains 1 and 2 was observed both in 300K and 360K simulations, which had the effect of rotating domains 2 and 3 relative to domain 1. This motion was identified by principal component analysis to be the most dominant movement in the simulation of the consensus protein. The instability observed in consensus domain 1, the catalytic domain of EF-Tu that is critical for function, may explain why the consensus protein has lower activity compared to wild-type EF in both E. coli and T. Thermophilusbased in vitro protein translation assays (data not shown).
In contrast, we observed similarities between ancestral resurrected EF-Tus and extant, thermophilic EF-Tu from T. aquaticus, suggesting that these ancestral proteins could indeed be active thermostable homologs. The three ancient proteins analyzed by MD (N168, N170 and N253) have all been tested in an in vitro reconstituted protein translation assay and all similarities observed, community analysis shows that communication between groups of residues is the same between ancestral proteins and T. aquaticus EF-Tu. However, communication is different compared to the consensus and E. coli EF-Tu indicating that E. coli accumulated epistatic changes that altered the ancient communication network present in the ancestors and extant T. aquaticus EF-Tu. The inability of the consensus method to reproduce epistatic features of evolutionary processes is a known limitation (Trudeau et al., 2016) .
While both ancestral reconstruction and consensus methods are able to successfully generate EF-Tu proteins that display improved thermostability and share a conserved fold, only ASR recapitulates the evolutionary conserved dynamical networks that appear to be a hallmark of the protein family. Experimental validation of protein function (i.e. translation) for these sequences at optimal temperatures is currently not possible, as this temperature varies for each EF-Tu and is closely correlated with their individual thermostabilities. All translation assay components would have to be optimized at corresponding temperatures for each EF-Tu. While it is not a straightforward task to use data from MD simulations to make inferences about functional properties of proteins, our analyses suggest that ASR EF-Tu proteins will function similarly to T. aquaticus EF-Tu. MD reveals significant divergence of the consensus protein from the extant and ancestral in its dynamics that would likely impact its function given that it requires productive association and dissociation with multiple components of the translational machinery. A previous study that compared enzymatic function of ASR and consensus-generated Precambrian β-lactamases showed consistent activity in ASR sequences but inconsistent, varying levels of activity in consensus sequences (Risso et al., 2014) . Therefore, the results observed here appear consistent with previously determined limitations of the consensus method for generating proteins with predictable function and behavior. Based on our work, we provide two considerations for the design of functional, thermostable proteins.
First, our results validate the use of ASR as a protein design strategy for multidomain proteins revealing that ASR proteins employ mechanisms similar to T. aquaticus EF-Tu for achieving thermostability. Domain-specific effects that were common to both ASR and T. aquaticus sequences include i) stabilization of domain 1, mediated by intermolecular contacts such as hydrophobic interactions; and ii) enhanced interdomain communication between domains 1 and 2. This observation reinforces the importance of the use of evolutionary history as a guide for protein design. In addition to improved thermostability, ASR conserves the natural protein motions necessary for function, as demonstrated here in EF-Tu, a multidomain protein containing a GTPase domain (domain 1) and two oligonucleotide-binding domains (domains 2,3). Given the vast diversity in protein folds, it is unclear whether ASR would service as a tool to engineer stability in all protein families or in a finite subset. However, increased thermostability has been observed for ASR variants in other bacterial protein families such as β-lactamases (Risso et al., 2014) , adenylate kinases (Nguyen et al., 2017) and nucleotide diphosphate kinases (Akanuma et al., 2013) . While MD simulations were not performed to evaluate protein motions in these previous studies, retention of function in the ASR variants suggests that functional motions are conserved. Our work therefore complements previous work, demonstrating that ASR can be used to Okafor et al. Page 10 Structure. Author manuscript; available in PMC 2019 January 02.
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Author Manuscript robustly design variants (single and multidomain) that are both thermostable and conserve natural protein motions across several diverse protein folds.
Second, an alternative design strategy for thermostability may be to emulate evolution by sampling amino acid sequence space in MD simulations while monitoring conformational fluctuations to identify thermostable scaffolds. A potential limitation is that the method would optimize thermostability but could also produce non-functional proteins. To mitigate this possibility, all simulations would have to be performed in a functional state of the protein complex (e.g. in complex with ligand or with an appropriate partner protein).
STAR Methods
Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Eric Ortlund (eortlun@emory.edu).
Experimental Model and Subject Details
Escherichia coli strain BL21(DE3) (Invitrogen, Carlsbad, CA) was transformed with pET-21a vector containing the N-terminal Hisx6-tagged ancestral and variant EF-Tus (Gaucher et al., 2008) , and expressed by overnight auto-induction using Overnight Express Media (Novagen, Madison, WI) at 37 °C (Studier, 2005) .
Method Details
Protein expression and purification-Cells were removed from media by centrifugation at 4550 × g and 4 °C for 15 minutes, resuspended in lysis buffer (50 mM potassium phosphate pH 7.5, 300 mM NaCl, 5 % (v/v) glycerol, 25 mM imidazole, 100 μM GDP, 10 μg/ml DNase, 176 μM PMSF and 5 mM BME), and lysed by sonication. Lysate was cleared by centrifugation at 31,000 × g and 4 °C for 1 hour and the supernatant purified using a 5 mL HisTrap FF column (GE Healthcare, Piscataway, NJ) according to manufacturer's protocol except base buffer (50 mM potassium phosphate pH 7.5, 300 mM NaCl, 5 % (v/v) glycerol 100 μM GDP) containing either 25 or 500 mM imidazole using a 2% wash/30% elution/100% wash method. Protein fractions were pooled and dialyzed twice against 1000× buffer volume (20 mM Tris HCl, 100 mM KCl, 10 mM MgCl 2 and 5 μM GDP) and stored at 4 °C.
Crystallography and structure determination-Ancestral EF-Tu Node 168 (N168) crystals were grown in 1.35 M ammonium sulfate and 0.1 M HEPES pH 7.5. Crystals were harvested by briefly soaking in cryoprotectant (2.0 M ammonium sulfate, 25 % sucrose) and flash-freezing in liquid nitrogen. N253 was crystallized in 40% PEG 200 and 0.1 M HEPES pH 7.0. Data were collected at the APS 22-BM without further cryoprotection. Consensus EF-Tu was crystallized in 20% PEG 10000 and 0.1 M HEPES, pH 7. And crystal were cryoprotected with 15% glycerol added to the crystallant. Data for all three complexes was conducted at the SER-CAT (Southeast Regional Collaborative Access Team) bending magnet (22-BM) beamline at the Advanced Proton Source (APS) at Argonne National Laboratory (Argonne, IL) and the data were processed and scaled with HKL2000 (Table)1 Okafor et al.
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Author Manuscript (Otwinowski et al., 1997) . For N128, an earlier 3.2 Å model of N168 was used as a molecular replacement search model in Phaser (McCoy et al., 2007) . Phases N253 and the Consensus EF were determined by molecular replacement using final N168 structure for initial phasing. Structure refinement and validation for all complexes was performed using PHENIX (Phenix, Berkeley, CA) (version 1.11.1), and model building was performed in COOT (MRC Laboratory of Molecular Biology, Cambridge, UK) (Adams et al., 2010; Emsley et al., 2010) . PyMOL (version 1.8.2; Schrödinger, New York, NY) was used to visualize structures and generate figures. The Molprobity server was also used to assist in the refinement (Davis et al., 2007) . A homology model of N170 was produced and energy minimized using best practices in MODELLER based on N168's refined structure (Eswar et al., 2006) . The percentage of residues in favored Ramachandran space is greater than 96% for all final models. Secondary structure assignment was made using x-ray structures (PDB IDs 5W75, 5W76, 1EFC, 1TUI, 5W7Q) with STRIDE (Heinig and Frishman, 2004) implemented in VMD.
ProSMART analysis-The ProSMART analysis tool (Nicholls et al., 2014) was used to perform a structural comparison of protein structure pairs. Pairwise comparisons were conducted between crystal structures of E. coli and i) T. aquaticus; ii) N168; iii) N253 and iv) Consensus. Comparisons generated a Procrustes score which is the RMSD of the central residue of two corresponding structural fragments of length n, where n is an odd number of amino acids.
Molecular dynamics-Six systems were prepared for MD simulations: ancestral EF-Tu nodes 168 (N168), 170 (N170), and 253 (N253), E. coli EF-Tu (PDB 1EFC), T. aquaticus EF-Tu (PDB 1TUI) and consensus EF-Tu. Each protein was in complex with a GDP and Mg 2+ ion. Crystal structures reported here were used for N168 (PDB 5W75), N253 (PDB 5W76) and consensus EF-Tu (PDB 5W7Q). A structure for N170 was modeled from N168. The complexes were solvated in an octahedral box of TIP3P water with a 10 Å buffer around the protein complex. Na + and Cl − ions were added to neutralize the protein and achieve 150 mM NaCl, mimicking physiological conditions. The xleap module of AmberTools (Case and Kollman, 2012 ) was used to set up the systems with the parm99-bsc0 forcefield (Pérez et al., 2007) . Parameters for GDP were obtained using Antechamber (Wang et al., 2001) in AmberTools. All minimizations and simulations were performed with Amber14 (Case et al., 2014) . All systems were subjected to 5000 steps of steepest descent minimization followed by 5000 steps of conjugate gradient minimization with 500 kcal/mol. Å 2 restraints on all atoms. Restraints were removed from atoms (except for GDP, Mg 2+ and surrounding residues) and the previously described minimization was repeated. Heating from 0 to 300 K was performed in a 100-ps run using constant volume periodic boundaries with 5 kcal/mol. Å 2 harmonic restraints on all protein atoms. 12 ns of MD equilibration was performed with 10 kcal/mol. Å 2 restraints on GDP, Mg 2+ and surrounding residues using the NPT ensemble. All restraints were removed and 300 ns production simulations were performed for each system at both 300 K and 360 K in the NPT ensemble. A 2-fs timestep was used in all simulations and all bonds between hydrogen and heavy atoms were fixed with the SHAKE algorithm (Ryckaert et al., 1977) . A cut-off distance 10 Å was used to evaluate long-range electrostatics with Particle Mesh Ewald (PME) and for van der Waals forces. For all analyses, 15000 evenly spaced frames were taken from each simulation.
MD trajectories were analyzed with various tools. Root mean square deviation (RMSD) and root mean square fluctuations of residues (RMSF) were performed with the CPPTRAJ module of AmberTools (Roe and Cheatham III, 2013) . RMSD and RMSF analysis were both performed in two ways: i) Locally, by domain, where calculations took only atoms of individual domains into account, and ii) Globally, where all atoms (all domains) are used in calculations. DSSP (Kabsch and Sander, 1983 ) was used to assign protein secondary structure as well as to calculate accessible surface area in the folded state of the protein (Rose et al., 1985) . HBPLUS (McDonald and Thornton, 1994) was used to calculate the number of hydrogen bonds in the protein along the trajectory. A hydrogen bond is defined by a maximum distance of 3.9 Å between a donor (non-hydrogen) and acceptor atoms with a minimum DHA angle of 90°. The Salt Bridges plugin in VMD (Humphrey et al., 1996) was used to identify pairs of amino acids engaged in ionic interactions. Ionic interactions are defined between residue pairs (R,K,H): (D,E) that are within 6 A for at least 75% of the simulation. Surrounding hydrophobicity was calculated as previously described (Gromiha et al., 2013) using the hydrophobic indices of surrounding residues with a 6.5 Å cutoff. CPPTRAJ was used for principal component analysis over backbone atoms. Network theory, implemented in the NetworkView (Eargle and Luthey-Schulten, 2012; Sethi et al., 2009) plugin in VMD and the Carma program (Glykos, 2006) were used to construct protein structure networks from each trajectory. Briefly, networks are constructed by defining all protein C-α atoms as nodes, using Cartesian covariance to measure communication within the network. Edges are drawn between pairs of nodes that reside within a 4.5 Å cutoff for > 75% of the simulation. Networks were divided into communities, subnetworks which are defined by dynamics of the proteins. Communities are generated using the Girvan-Newman algorithm to find groups of nodes with correlated motions. The minimum number of communities possible was generated while maintaining at least 98% maximum modularity (Newman, 2006) . The MMTSB toolset was used to perform a cluster analysis with a 2 Å RMSD cutoff (Feig et al., 2004) .
Quantification and Statistical Analysis
N/A.
Data and Software Availability
Coordinates have been deposited into the Protein Data Bank under accession codes 5W75, 5W76, and 5W7Q. 
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